In this study, we examined genetic and environmental influences on covariation among two reading tests used in neuropsychological assessment (Cambridge Contextual Reading Test [CCRT], [Beardsall, L., and Huppert, F. A. (1994 (Verbal, Performance, Reading). Reading performance was influenced by the genetic General factor (accounting for 13% and 20% of the variance for the CCRT and SGWRT, respectively), the genetic Verbal factor (explaining 17% and 19% of variance for the CCRT and SGWRT), and the genetic Reading factor (explaining 21% of the variance for both the CCRT and SGWRT). A common environment factor accounted for 25% and 14% of the CCRT and SGWRT variance, respectively. Genetic influences accounted for more than half of the phenotypic covariance between the reading tests and each of the IQ subtests. The heritabilities of the CCRT and SGWRT were 0.54 and 0.65, respectively. Observable covariance between reading assessments used by neuropsychologists to estimate IQ and IQ subtests appears to be largely due to genetic effects.
INTRODUCTION
Investigations using the classical twin design to estimate genetic and environmental contributions to covariance among cognitive abilities are increasingly common (Plomin and Craig, 2001) . These studies have an important role in elucidating the genetic and environmental architectures that underlie mental abilities. From a neuropsychological perspective, clarification of the genetic and environmental structures that underpin the observable correlation between reading measures used in neuropsychological assessment of premorbid intelligence and IQ subtests contributes to an understanding of the basis of this important relationship.
Previous research from this laboratory using a somewhat smaller sample has examined the genetic basis of the observable correlations among IQ subtests (Luciano et al., 2003) . The current paper has a different focus in investigating the genetic and environmental sources of covariation among two reading tests used in neuropsychological assessment and a selection of IQ subtests. The two reading tests were the Cambridge Contextual Reading Test (CCRT) (Beardsall and Huppert, 1994) , which is a contextualized version of the widely used National Adult Reading Test (NART) (Nelson, 1982) , and the Schonell Graded Word Reading Test (SGWRT) (Schonell and Schonell, 1960) . IQ subtests were drawn from the Multidimensional Aptitude Battery (MAB) (Jackson, 1984 ) and the Wechsler Adult Intelligence Scale-Revised (WAIS-R) (Wechsler, 1981) . This study differs from previous behavioral genetic research investigating the relationship between reading measures and IQ in that it uses a neuropsychological test of reading that was explicitly designed to correlate with IQ measures and acts as a proxy measure of word knowledge.
Contrary to a modular view of intellectual abilities that is popular within cognitive neuroscience, it has been recognized that common genetic factors influence multiple specific cognitive skills (Petrill, 1997; Plomin and Craig, 2001) . Consistent with the dominant theoretical perspective of the phenotypic structure of intelligence, several studies have suggested that a genetic General factor as well as genetic group and specific influences (termed Bifactor models, i.e., models with two levels) (Jensen, 1998) underlie observable relationships among cognitive measures (Rijsdijk, Vernon, and Boomsma, 1998; Rijsdijk, Vernon, and Boomsma, 2002) . Possible alternatives to a Bifactor structure are a Spearman model (General factor plus specifics) or a Thurstone model (group factors plus specifics) (see Jensen and Weng, 1994) .
The CCRT is a neuropsychological instrument used for estimating premorbid IQ for patients with suspected brain dysfunction resulting from neurological insult. The test, like the NART from which it is derived, requires reading aloud of irregular words. However, whereas the NART requires reading single words in isolation, the CCRT embeds the test items within meaningful sentences. The utility of the CCRT in estimating premorbid intelligence rests on three primary assumptions. First, that the ability to accurately read words aloud is related to IQ in neurologically unimpaired populations. Second, that following brain insult, word reading ability is less diminished than other cognitive skills. Third, that as all words are irregular, the application of grapheme-phoneme conversion (gpc) rules yields incorrect pronunciations, and thus correctly read words are part of the reader's internal lexicon (Franzen, Burgess, and Smith-Seemiller, 1997) . The contextualization of words is assumed to maximize the correlation between IQ and word reading by providing the best opportunity for word recognition (Beardsall and Huppert, 1994) .
The SGWRT is used as an adjunct to the NART when assessing patients suspected of being poor readers. It was the first reading test used to assess premorbid IQ. However, it was realized that as a test designed specifically for children, it yielded a low ceiling when assessing adults (Franzen et al., 1997) . The test is composed of both regular and irregular words and is not contextualized.
The phenotypic correlation of word reading tests with IQ in neurologically intact populations is well established (see Franzen et al., 1997) . An estimate of the proportion of variance in WAIS-R Verbal IQ accounted for by the NART was 72% in a large cross-validation sample of participants aged from 16 to 88 years . From the same study, estimates of 66% and 33% were found for WAIS-R Full Scale IQ and Performance IQ, respectively. Similar estimates have been provided from other studies (e.g., Griffin et al., 2001; Lastine-Sobecks, Jackson, and Paolo, 1998) . Beardsall (1998) reported the proportion of variance in WAIS-R Verbal IQ accounted for by the CCRT as 61%. NART performance has also been found to load strongly (0.85) on a general Intelligence factor, with only Information and Vocabulary evidencing higher loadings .
Investigations of the genetic basis of the relationship between word reading ability and IQ have most often assessed American samples using the Peabody Individual Achievement Test (PIAT). The PIAT is similar to the SGWRT in assessing reading of regular and irregular words and is not contextualized. Estimates from these studies have suggested that between 21% to 80% of the phenotypic correlation between IQ and word reading ability (regular and irregular words considered together) is due to genetic factors. The majority of these estimates have tended from the middle to upper end of the range (Alarcón and DeFries, 1997; Brooks, Fulker, and DeFries, 1990; Cardon et al., 1990; Wadsworth et al., 1994) . There has been no previous research that has looked at the genetic basis of the relationship between IQ and irregular word reading specifically, either contextualized or in isolation. This is of interest because irregular words may only be read accurately if the word is known to the respondent, whereas regular words may be accurately pronounced if the word is familiar or by the application of gpc rules. Thus, the accurate reading of regular words may invoke two distinct processes (whole word recognition when a regular word is known and gpc when a regular word is unknown), whereas accurate reading of irregular words relies solely on whole word recognition.
Genetic studies investigating the relationship between reading and Full-Scale IQ have indicated that word reading performance is influenced by both a genetic Reading factor and a genetic Intelligence factor (Alarcón and DeFries, 1990; Brooks, Fulker, and DeFries, 1990) . In a study that delineated Verbal and Performance IQ, Cardon et al. (1990) found a stronger genetic correlation between word reading (PIAT) and Verbal IQ (0.96) than between word reading and Performance IQ (0.45). They further reported that 78% and 67% of the phenotypic correlations between word reading and Verbal and Performance IQ, respectively, were due to hereditary influences. Consistent with theories of intelligence that distinguish between verbal and nonverbal skills, evidence that reading is more strongly related to verbal than nonverbal measures, and that reading is influenced by genetic Intelligence and Reading factors, the Bifactor model to be tested here will stipulate that the reading measures will load onto a genetic Reading factor, a genetic Verbal factor, and a genetic General factor.
How much of the variance in NART or CCRT performance can be attributed to genetic influences has not been previously examined. However, there have been a small number of studies looking at the heritability of irregular word reading using other tests. In an early study, Stevenson (1991) did not find a significant genetic influence on irregular word reading. In contrast, Castles et al. (1999) reported a significant heritability of 0.31 for isolated irregular word reading in a group defined as having surface dyslexia (specific difficulty with reading irregular words), with common environment accounting for 63% of the variance. Other research has used tasks assessing orthographic coding skills such as distinguishing true words from pseudohomophones (e.g., rain, rane), which are presumed to have cognitive processes in common with those used for irregular word reading. However, it should be noted that performance on the CCRT requires not only satisfactory orthographic skills but knowledge of increasingly uncommon words, which is the presumed basis of its relationship with IQ. Though an initial study (Olson et al., 1989) found no significant genetic influence on orthographic coding, subsequent research with larger samples suggested a heritability of approximately 0.6 (Gayan et al., 1997; Olson, Forsberg, and Wise, 1994) .
The purpose of this paper is to examine the suitability of models in which the genetic factors that influence Verbal IQ subtest performance also influence performance on reading measures used explicitly by neuropsychologists to estimate IQ. Comparisons of fit for Bifactor, Thurstone, and Spearman models will be conducted. It is hypothesized that a Bifactor model (i.e., with a General and group factors) will provide the best fit of the data based on current theorizing and previous empirical studies. As the current sample is composed of adolescents, it is also expected that in accord with previous research investigating the structure of intellectual abilities in children and adolescents, a single common environmental factor will fit the common environment structure (e.g., Luciano et al., 2003) . Evidence that the same genetic and environmental factors contribute to variance in neuropsychological reading and IQ subtest performance would add theoretical weight to the use of reading measures as proxies for IQ and, in particular, Verbal IQ.
METHODS

Participants
Data collection is proceeding as part of a continuing study of cognition, the Brisbane Memory, Attention and Problem Solving (MAPS) twin study. Current results are reported for 500 twin pairs (225MZ, 275DZ). The majority of twins were drawn from a study of naevi susceptibility conducted through the Queensland Institute of Medical Research (QIMR), with additional twins ascertained through mail-outs to schools within southeast Queensland. For same-sex twin pairs, zygosity was determined by blood groups (typed by ABO, Rh [CcDEe] and MNSs by the Red Cross Blood Transfusion Service) and DNA typing of nine independent DNA microsatellite polymorphisms (PIC > 0.7) by polymerase chain reaction (PCR), multiplexed both by PCR and electrophoresis (ABI Profiler System). Probability of error in zygosity assignment is less than 10 −3 . Each participant was tested as close as possible to their 16th birthday with most in their penultimate year of secondary education. Ages ranged from 15.42 years to 18.16 years with a mean of 16.23 years and a standard deviation of 0.33 years. Participants were excluded if there was a parental report of either twin having a history of significant head injury, neurological or psychiatric illness, substance abuse or dependence, or current use of medication with known effects on the central nervous system (not including short-term treatment). Participants had normal or corrected-to-normal vision (>6/12 Snellen equivalent). Informed parental (twins <18 years old) or participant (twins >17 years old) consent was obtained. Payment was made to participants based on task performance for a component of the overall study (Delayed Response Task) (see Luciano et al., 2001) .
Measures
Multidimensional Aptitude Battery
The MAB is a multiple-choice test of general intelligence and is well-suited for projects using large numbers of participants (Vernon, 2000) . It was based on the WAIS-R and yields Full Scale IQ, Verbal IQ, and Performance IQ scores. The scales correlate well with their WAIS-R counterparts, with Jackson (1984) reporting correlations 0.94 for Verbal, 0.79 for Performance, and 0.91 for Full Scale IQ between the MAB and WAIS-R. The scales also have acceptable testretest reliabilities being equal to or above 0.95 for the Verbal, Performance, and Full Scales as reported by Jackson (1984) . Slightly lower, albeit still satisfactory test-retest reliability coefficients (Verbal IQ, 0.88; Performance IQ, 0.84; Full Scale IQ, 0.89) were reported by Luciano (2001) using test-retest data for 50 twin pairs drawn from the same overall sample used here.
The Battery is composed of 10 subtests with the Verbal and Performance scales composed of five tests each. For this study, as with previous research from this laboratory (Luciano et al., 2003) , five tests from the MAB were administered. The three verbal tests were Vocabulary, Information, and Arithmetic. The two Performance tests were Spatial and Object Assembly. The Vocabulary and Information tests are similar to WAIS-R tests, assessing word knowledge and fund of information across a broad range of domains. The Arithmetic test gives mathematical problems in words that may be solved using pencil and paper. This differs from WAIS-R arithmetic, which requires retention in memory of the problem as well as ongoing working and thus loads on a working memory factor. The Spatial test assesses mental rotation, whereas Object Assembly requires imagined reconstitution of disconnected parts of common objects. For each subtest there was a 7-minute time limit. For the three verbal tests, all participants were tested using a computerized version of the MAB. For the two MAB Performance tests, 326 twin pairs completed a pencil and paper version, with the remaining pairs using a computerised version. The Digit Symbol-Substitution (DS-S) test from the WAIS-R was also administered.
Cambridge Contextual Reading Test
The CCRT is composed of 36 short English passages containing one or two sentences in which are embedded the 58 target words. The number of target words embedded in a passage ranges from one to six. Participants were asked to read aloud, at normal tempo, the sentences that were presented on printed sheets. Participants were unaware of which words were being assessed for the CCRT. There was no termination rule based on errors so that each participant read all words on the list. Two trained research assistants conducted the assessments, marking which CCRT words were pronounced incorrectly on a separate scoring sheet as well as making note of any non-CCRT reading errors or omissions (data not used in this study). The CCRT score was the number of words correctly pronounced. All reading responses were audio recorded with participant's consent. Periodic assessment of the audio taped responses and scoring found the marking of the CCRT by the research assistants to be highly accurate.
Schonell Graded Worded Reading Test
The SGWRT (Schonell and Schonell, 1960 ) is composed of 100 words arranged in 20 rows of five words each in ascending order of difficulty. Participants began reading at the 11th row. If all words on that row were read correctly, participants were given credit for all preceding words and read forward through the rows until there were 10 consecutive errors or the test was completed. If an error was made on the 11th row, the preceding row was read and so on until no errors were made on a row. Once an error-free row had been read, participants read forward through the rows until either there were 10 consecutive errors or the test was completed. Similar marking procedures, audio recording provisions, and accuracy of marking checks as used for the CCRT were conducted with the SGWRT.
Procedure
Assessment of word reading and general cognitive ability formed part of a larger testing schedule for the twins that also involved behavioral and electrophysiological assessment of working memory and information processing speed using computerized tasks. Testing involved two sessions designated A and B with one twin undertaking session A while the co-twin undertook session B. Order of testing session was counterbalanced according to birth order. Upon completion of the first session, there was a brief break followed by each twin sitting the complementary session. The CCRT, SGWRT, MAB, and DS-S were administered in session A. Total testing time for sessions A and B combined was between 3 1 2 and 4 hours. All assessment was done in the morning. After testing, there was gathering of information regarding physical characteristics (e.g., height, eye color) and collection of blood.
Statistical Analyses
Data Screening and Transformation
Reading tests and DS-S entered the testing protocol at a later stage than the MAB IQ subtests. As such, there were fewer participants for these measures. In addition, there were a small number of missing data due to computer or experimenter error. Data were analyzed using the MX package. All data were screened for normality and univariate and multivariate outliers. Ten univariate outliers were excluded from analyses according to a Z score criterion of 3.29 (Tabachnick and Fidell, 1996) . No multivariate outliers were detected. A negative skew was apparent in the SGWRT scores. These were reflected and a square root transformation taken that yielded satisfactory normality and kurtosis. This resulted in lower scores indicating better test performance, and as such, negative correlations were obtained with the transformed SGWRT. This negative sign is ignored in the reporting to avoid confusion.
Testing Equality of Means, Variances, and Covariances According to Zygosity, Sex, and Education
To establish regularity in sampling and measurement, the equality of means and variances according to birth order and zygosity was tested. A series of nested models with increasingly restrictive equality constraints upon means and variances was assessed, with each model being compared to a preceding less restrictive model using a 2 statistic. A significant change in fit was interpreted as a given constraint hypothesis being unlikely to be true.
Equality of means according to sex and education were also assessed. A male mean was specified for each variable as a deviation from the female mean. A 2 statistic was then used to determine whether the deviation parameter could be dropped without a significant change in fit. There were some differences in the duration of formal education experienced between twin pairs (students may leave school at 15 years old-most co-twins within a pair had received the same duration of schooling). As the amount of formal education undertaken was expected to affect test (especially verbal) performance, a weighted regression parameter that tested effects for time spent in formal education was also specified.
Equality of covariance between monozygotic female (MZF) and monozygotic male (MZM) and between dizygotic female (DZF) and dizygotic male (DZM) was assessed, as was equality of covariance between same-sex DZ twin pairs and opposite-sex DZ twin pairs (DZO) to assess differences in the magnitude of genetic effects and whether different genes were being expressed according to sex.
Testing Equality of Correlations Between Reading and IQ Subtests for Able and Less Able Readers
Because the MAB is a written test requiring satisfactory reading skills to both understand the test instructions and complete test items, it was possible that less able readers would be disadvantaged on the MAB. This could result in a confounding of the phenotypic correlations between the reading tests and the intelligence subtests as well as influencing the estimate of genetic correlations for these measures. However, if the reading tests were equally predictive of IQ subtest scores for both able and less able readers, then it suggests that reading skill per se did not influence IQ subtest performance.
Due to the sample being composed of twins, the analyses were conducted in MX in the following way, which takes into account the relatedness of the participants. Designations as either able (> −1 SD) or less able (< −1 SD) readers on both the CCRT and SGWRT were made, and the equality of correlations between able and less able readers for both reading tests and the IQ subtests were examined according to zygosity and birth order. Twin pairs were divided into six concordance groups, being MZ concordant able readers (both able readers), MZ concordant less able readers, MZ discordant (one able reader, one less able reader), and likewise for DZ twins. For both reading tests, there were six bivariate regressions assessed (the six IQ subtests). Within each bivariate regression model, there were 12 correlations based on the crossing of birth order (twin 1, twin 2) with the six concordance groups. In the initial modeling, the 12 correlations within each regression model were free to vary with the subsequent constraint of all 12 correlations being equal. A significant change in 2 between the unrestricted and restricted models was interpreted as indicating that reading score was not equally predictive of IQ subtest score for able and less able readers. As six regression models for each reading measure were assessed, a Bonferroni correction was applied.
General Statistical Approach and Model Fitting
Nonadditive effects were not considered as they are conflated with common environment, and initial inspection of MZ and DZ correlations suggested common environment rather than dominance influences were involved (DZ correlation greater than half MZ correlation) (Neale and Cardon, 1992) . A model with a Cholesky decomposition into A, C, and E was used as a baseline against which competing models were assessed. Previous research (Eaves, Heath, and Martin, 1984; Luciano et al., 2003) suggested that a single C factor should be present, and for this reason, only models of the form ACE were assessed with A and C structures fitted simultaneously.
There are two principal variants of Bifactor models. These are hierarchical models in which the influence of a General factor is via the group factors, which in turn directly influence the variables, and nested models in which the General factor acts independently and directly on the variables. Though it is clear that these two forms of models are not identical and posit different structures by which a General factor exerts its influence, it has been noted that the general interpretation of each of the models is the same (Gustafsson and Balke, 1993) and that both are equally satisfactory for estimating the influence of a General factor (Jensen and Weng, 1994) . Empirical assessment of the identification of a hierarchical bifactor model with a somewhat complex factor structure (reading measures loading onto General, Verbal, and Reading factors) indicated that additional constraints beyond those necessary for identification of a nested Bifactor model would be required (constraints among the loadings of the group factors on the General factor) making interpretation of a hierarchical model restrictive and somewhat uninformative. For this reason and due to the same general interpretation of nested and hierarchical models (Gustafsson and Balke, 1993) , a nested Bifactor model was selected to be assessed in comparison with Spearman and Thurstone models.
In the nested Bifactor model, the two reading measures were included in both the genetic Verbal factor and the genetic Reading factor. Constraints were required to permit model identification. Within the genetic Reading factor, the pathways to the two reading measures were constrained to be equal. Additionally, DS-S was not incorporated in the genetic Performance factor. Though the invoking of constraints is not considered ideal, there was theoretical justification for choosing this constraint above other possibilities given that DS-S assesses processing speed (Kaufman and Lichtenberger, 1999) , whereas Object and Spatial assess visuospatial manipulation of plane forms. Furthermore, DS-S was drawn from a different test battery. Moreover, it was not considered a significant limitation in interpreting the model as it was the relationship of the reading measures with the subtests and in particular the Verbal subtests that was of primary interest. The pathways from the genetic Performance factor to Object Assembly and Spatial were also constrained to be equal. For the Thurstone model, the reading tests also loaded on both a Verbal and Reading factor.
RESULTS
Testing Equality of Means, Variances, and Covariances According to Zygosity, Sex, and Education
For all tests of equality of means, variances, and covariances, Bonferroni corrections were applied to an initial significance level of 0.05. No significant differences were found in means and variances according to zygosity for any of the variables. Table I shows the means and standard deviations for males and females. No significant sex differences in means were found for either of the reading measures or Vocabulary. Of the remaining tests, males had significantly higher mean scores for Information, Arithmetic, Spatial, and Object Assembly. Females obtained a higher mean for DS-S. As such, a deviation for males was incorporated in means modeling for these variables. For duration of formal education, only the parameter for Object Assembly could be dropped without a significant loss of fit. For all other variables, greater time spent in formal education was associated with significantly higher test scores. For these variables, regressions for duration of formal education were included in the means modeling. For all variables, correlations for MZM and MZF did not differ significantly. Likewise, there were no significant differences between DZM, DZF, and opposite sex pairs. Thus, sex limitation was not incorporated into the modeling. The stronger correlations for MZ than DZ indicated that genetic effects were relevant to variance in the measures.
Testing Equality of Covariances for Able and Less Able Readers
Of the 12 regressions assessing the equality of prediction between neuropsychological reading measures and IQ subtests, only for the SGWRT-Vocabulary and SGWRT-Object Assembly regressions was there a significant loss of fit. Thus, it did not appear that differences in ability to read task instructions or items of itself markedly affected IQ subtest performance. However, it should be noted that the relatively small sample size of less able readers may have resulted in limited power to detect a significant difference.
Phenotypic Analyses
Phenotypic correlations are shown in Table II . The strongest correlations within the matrix were observed among the verbal measures. The reading measures correlated most strongly with each other and with Information and Vocabulary. The lowest phenotypic correlations were between DS-S and the two reading measures and Vocabulary. Table III shows the various models that were fit to the data. A Cholesky ACE model was specified as a base against which theoretically driven models were assessed. A nested Bifactor model with a genetic General factor, three genetic group factors (Verbal, Performance, Reading) and specific genetic factors, in conjunction with a general common environment factor was fitted first. Table III Figure 1 . For the sake of clarity, only parameter estimates above 0.1 are shown for the E structure. The genetic General, genetic Verbal, and genetic Reading factors account for 13%, 17%, and 21% of the variance for the CCRT and 20%, 19%, and 21% of the variance for the SGWRT, respectively. Relatively small genetic specific influences (less than 11%) were present for the majority of subtests. However, 32% of the variance for DS-S is explained by a genetic specific influence. This large value was due to DS-S not being included within the Performance factor. The common environment factor had a statistically significant influence on all measures except DS-S.
Genetic Analyses and Model Fitting
Somewhat stronger loadings on this factor for Verbal IQ subtests and reading measures are evident ranging from explaining 9% of the variance for Arithmetic to 25% of the variance for CCRT. For the Performance measures, the common environment factor accounted Fig. 1 . Path diagram depicting the additive genetic, common environmental, and unique environmental factor loadings for the CCRT, SGWRT, and the IQ subtests. A1, genetic General factor; A2, genetic Verbal factor; A3, genetic Reading factor; A4, genetic Performance factor; C1, Common environment factor; E1 to E8, unique environment factors. Arrows above the variables = specific genetic effects. Estimates in italics may be dropped from the model. for only between 1% to 6% of the variance. Unique environment effects are principally specific to each of the measures and range from 14% for the SGWRT to 41% for Vocabulary. Genetic correlations are shown in Table IV . Reference to Figure 1 makes clear why in this model, strong genetic correlations are evident between the CCRT and the Vocabulary and Information and likewise between the SGWRT and Vocabulary and Information. It is because there is relatively little genetic variance in these measures that does not overlap due to common factors. For instance, the only factorial source of genetic variance in the CCRT that is not shared with Vocabulary is through the Reading factor, as both the CCRT and Vocabulary load onto the genetic General and genetic Verbal factors, and there is limited specific influence for either. The correlations indicate that there is approximately 46% to 56% overlap in genetic effects influencing neuropsychological reading test performance and Vocabulary and Information assessed by the MAB. A very strong genetic correlation was also found between the two reading measures, with almost complete overlap in genetic effects with only small specific genetic effects influencing the reading measures. Table V reports the proportions of observable covariation attributable to genetic effects and the heritabilities (diagonal) for the individual test performances. Approximately between half and two-thirds of population variance for these cognitive tests are attributable to genetic influences. Proportions of covariances between reading scores and IQ subtests attributable to genetic influence ranged from 58% (CCRTInformation) to 94% (SGWRT-DS-S). Thus, for all relationships among neuropsychological reading tests and IQ subtests, no less than half of the covariation was due to genetic influences.
DISCUSSION
The results support a nested Bifactor model with one General, three group, and specific factors of genetic influence in preference to either a Thurstone or Spearman model. The model implies that word pronunciation on reading tests used in neuropsychological assessment is affected by a set of genes that influence general cognitive ability and that the phenotypic relationship between these reading measures and IQ subtests is partly due to the effect of these genes. This is consistent with the phenotypic factor analysis conducted by that showed NART performance loading onto a general Intelligence factor. There is also evidence that an independent set of genes (Verbal factor) influences performance on the reading tests as well as Vocabulary and Information subtests. This influence may be due to performance on these tests having common reliance on language facility including verbal comprehension and encoding, retention, and access to long-term declarative knowledge (Kaufman and Lichtenberger, 1999) . The absence of a significant loading for Arithmetic on this genetic factor is presumably due to its substantial dependence on mathematical reasoning rather than language skills despite the problems being stated in words. Evidence of a separate factor for word reading is in accord with previous findings (Alarcón and DeFries, 1997; Brooks, Fulker, and DeFries, 1990) and indicates that word pronunciation on reading tests used by neuropsychologists in influenced by a genetic factor that is particular to reading skill independent of genetic influences on IQ.
In general, previous research has reported phenotypic correlations between the NART or CCRT and Full Scale IQ, Verbal IQ, and Performance IQ scores rather than with subtest performance. The phenotypic correlations reported here between the reading measures and IQ subtests are somewhat lower than those typically reported between IQ scores and reading measures Griffin et al., 2001; LastineSobecks, Jackson, and Paolo, 1998) . This may be partly due to the lower reliability of IQ subtests compared to summary IQ scores (Wechsler, 1981) . Additionally, studies previously reporting NART/CCRT and IQ correlations have typically used samples composed of older participants than reported here (Beardsall, 1998; Griffin et al., 2001; LastineSobecks, Jackson, and Paolo, 1998) .
The genetic correlations between the reading measures and Verbal IQ subtests are weaker than the genetic correlation of 0.96 between reading recognition and Verbal IQ reported by Cardon et al. (1990) . The disparity is due to the inclusion of a genetic Reading factor in the preferred model in this study which contributes significantly to the heritability of word recognition independent of shared genetic effects between reading and Verbal IQ subtests. Nevertheless, the genetic correlations reported here are substantial. The genetic correlations between the reading and Performance IQ subtests found here are comparable with the estimate of Cardon et al. (1990) of a genetic correlation of 0.45 between reading recognition and Performance IQ.
There was evidence that genetic influences contribute a larger proportion of the covariance between Performance IQ tests and reading measures than for Verbal IQ tests and reading measures. This is due to the common environment factor having a somewhat stronger influence on the correlations among Verbal IQ tests and reading measures, possibly through formal education or the intellectual environment within the home, while having less effect on the correlations among Performance tests.
This study is the first to report heritability for the CCRT. Though early studies of irregular word reading did not report significant genetic influence, the estimate here of 0.54 is consistent with estimates from later studies of orthographic coding that suggested a heritability of approximately 0.6 (Gayan et al., 1997; Olson, Forsberg, and Wise, 1994) . However, these estimates may not be directly comparable as the CCRT requires knowledge of uncommon words in addition to basic orthographic skills. The estimate obtained here is larger than that obtained by Castles et al. (1999) in their irregular word reading task. However, in that research, the reported heritability was for readers defined as having surface dyslexia, whereas a much broader range of reading ability was sampled here. Additionally, because the CCRT was specifically designed to correlate strongly with IQ, the larger heritability estimate may reflect a greater influence of general cognitive ability, which is known to be highly heritable (Jensen, 1998) .
Though it has been argued that the classic twin method may overestimate heritabilities (Grayson, 1988; Hopper, 2000) , it has also been suggested that the effects of assortative mating may inflate the estimates of common environmental influences at the expense of genetic effects. This is of relevance to this study as there is previous evidence that covariation among a variety of cognitive abilities may be influenced by a common environmental factor (Eaves, Heath, and Martin, 1984; Petrill et al., 1996) . Eaves, Heath, and Martin (1984) originally proposed that a genetic General factor expressible as a linear function of a single common environmental factor subsuming all task performances suggests assortative mating. The nonsignificant loading for DS-S precluded this hypothesis being tested in this study. However, it also seems reasonable to consider the possibility that the common environment factor actually reflects the influence of the common environment rather than being an artifact of assortative mating, with the higher loadings for the verbal tests being consistent with the view that verbal skills are more shaped by environmental influences than nonverbal skills, which are considered more fluid (Jensen, 1998) .
There is evidence of unique environmental factors influencing multiple test performances, which may reflect correlated test error as well as unique experiences influencing multiple abilities. However, it is important to note that there is very great power to detect E effects, and thus unique environmental influences on covariation among the measures, while statistically significant, are of little substantive interest.
There was little difference between the two reading assessments in terms of the magnitude of genetic and environmental effects on the measures themselves or their relationships with other measures. This was probably largely due to the more difficult items on the SGWRT being irregular words, and it was with these more difficult items that variation in performance among the participants occurred. It should also be noted that despite normalization, the variance for the SGWRT was constricted, and as such the observed correlations for this measure may be depressed. In conjunction with researchers from Macquarie University, future research will be directed at examining genetic and environmental influences on variance and covariance among purer measures of basic reading skills such as single (regular and irregular) word and nonword reading and IQ and how these relationships differ in their genetic and environmental architectures from those found between neuropsychological reading tests and IQ subtests.
In summary, the current paper has suggested that in adolescents ranging from 15 to 18 years of age, the correlation between reading measures used in neuropsychological assessment and IQ subtests is substantially attributable to genetic factors through both a genetic General factor and a genetic Verbal factor. There is also a significant contribution to covariance particularly with Verbal IQ measures and neuropsychological reading measures from a common environment factor. The findings suggest that abilities measured by neuropsychological reading assessments and, in particular, Verbal IQ subtests are influenced to a substantial extent by the same biological and experiential underpinnings and adds theoretical weight to the use of reading measures as proxies for measuring intellectual ability.
